SUMMARY. The ischemic state of the myocardium of the isolated working rat heart after induction of normothermic ischemic cardiac arrest was assessed by the interrelationship among changes in myocardial ultrastructure, mitochondrial oxidative phosphorylation, and tissue high energy phosphate contents. At all time intervals (10-40 minutes) studied, the ultrastructural changes were more severe in the subendocardium than in the subepicardium. After 25-40 minutes of normothermic ischemic cardiac arrest, the mitochondrial oxygen uptake (state 3) became increasingly depressed, particularly in mitochondria isolated from the subendocardium. Mitochondrial oxidative function, as measured in vitro, did not correlate well with mitochondrial ultrastructural damage. In addition, the effects of coronary reperfusion on the ability of the ischemic heart to recover in terms of ultrastructure, mechanical, and metabolic function were evaluated. Hearts subjected to 10-40 minutes of normothermic ischemic cardiac arrest showed almost complete ultrastructural recovery of the subepicardium upon reperfusion; regression of ultrastructural changes occurred to a lesser extent in the subendocardium. Reperfusion for 30 minutes did not alleviate the depression in mitochondrial oxidative function, while tissue ATP levels did not return to control, preischemic levels. After 20 minutes of normothermic ischemic cardiac arrest, the mechanical performance of the working heart during reperfusion was significantly depressed, compared with pre-ischemic control values. Normal ultrastructure of the subendocardium always accompanied mechanical recovery, while improvement of mitochondrial oxidative function was not essential. (Circ Res 53: 663-678, 1983) 
ACCURATE knowledge of the sequence, interrelationships, and causes of metabolic, morphological, and consequent functional changes occurring in the ischemic myocardium is a prerequisite for the development of rational therapy aimed at preventing, reducing, or delaying myocardial ischemic injury before irreversible damage develops.
In the past 20 years, much has been learned about global myocardial ischemia with respect to alterations in myocardial ultrastrucrure (Buja et al., 1971; Stemmer et al., 1973; Schaper et al., 1979) , cardiac function (MacGregor et al., 1972; Tyers and Morgan, 1975; Hearse et al., 1977; Apstein et al., 1977a Apstein et al., , 1977b Schaper et al., 1979) and myocardial metabolism (Neely et al., 1973; Bretschneider et al., 1975; Apstein et al., 1977b; Hearse et al., 1977) . However, a detailed study of the correlation between the early time course of ultrastructural changes (10-40 minutes) and mitochondrial oxidative phosphorylation has not yet been done. Furthermore, little information is available regarding the effects of reperfusion on the above parameters.
The purpose of this study was to assess the interrelationships among changes in myocardial ultrastructure, mitochondrial oxidative phosphorylation, and tissue high energy phosphate contents occurring in the working rat heart subjected to global ischemia. To evaluate the significance of these changes in the capacity of the ischemic hearts to recover mechanically, we studied the effects of coronary reperfusion on the above parameters after different periods of total ischemia (10-40 minutes). maintenance at 37°C. Krebs-Henseleit bicarbonate buffer containing 2.5 MM calcium and 10 mM glucose as substrate was used. Coronary and aortic flow rates were measured manually. Aortic pressure was obtained through a sidearm of the aortic cannula which was connected to a Statham pressure transducer (P23D6). Recordings were made by an Electronics for Medicine DR-8 Research recorder monitor. The external power produced by the left ventricle was calculated according to the method of Kannengjeser et al. (1979) . The peak systolic pressure (PSP) and ejection time were obtained from the recordings made, and the pressure (Wp and kinetic power (Wk) were calculated according to the formulas described by the above workers.
Grading of Ischemic Damage to Tissue Ultrastructure
Four specimens (two subepicardial and two subendocardial) from each heart were examined. Six randomly selected micrographs were analyzed for each specimen (total: 24 micrographs per heart), and the degree of ultrastructural damage was analyzed at a magnification of 5000X. We used a semi-quantitative grading system [modified from the method of Kloner et al. (1978) ] to assess ultrastructural changes observed in the mitochondria, myofilaments, sarcoplasmic reticulum, and glycogen stores.
Analysis of Mitochondria] Ultrastructure
Every clearly distinguishable complete mitochondrial profile visible in each micrograph was assessed qualitatively and assigned a numerical score: 0 = normal mitochondrion; 1 = mitochondrion showing swelling, clearing Circulation Research/Vo/. 53, No. 5, November 1983 of matrix density, and separation of cristae; 2 = severely swollen mitochondrion with large clear areas between and within the cristae, cristae may be disintegrated; 3 = disrupted or collapsed mitochondrion, inner and outer mitochondrial membranes ruptured, cristae disintegrated.
The occurrence of mitochondrial amorphous dense bodies was scored for each micrograph as follows: 0 = absent; 1 = sparse; 2 = abundant.
Analysis of Myofibrillar Ultrastructure
0 = normal myofilaments; 1 = sarcomeres out of register, Z-lines not straight, intramyofibrillar spaces, occasional tearing of myofibrils, myofibrillar conrractures or hyperextension, intercalated disc disorganization; 2 = gross disruption of myofibrillar organization, severe tearing and massive hyperextension of myofibrils, severe conrractures, clear intramyofibrillar spaces with separation of myofilaments.
Sarcoplasmic Reticulum
The extent of intermyofibrillar edema associated with damage to the sarcoplasmic reticulum was scored in each micrograph: 0 = normal, 1 = swollen, 2 = severely swollen.
Glycogen
In each micrograph, the presence of glycogen was scored 0, its absence 1.
Mitochondrial Studies
At the end of the experiment, the left ventricle and interventricular septum were carefully divided into an inner and outer layer, representing the subepicardial and subendocardial zones. Tissues from two hearts were pooled. The tissue was then plunged into ice-cold mitochondrial isolation medium (KE: 0.18 M KC1, 0.01 M EDTA, pH adjusted to 7.4 with Tris base) and homogenized with a Polytron PT 10 homogenizer (1 X 4 sec, 4°C, setting 2). The mitochondria were isolated by the method of Sordahl etal. (1971) . Mitochondrial oxidative phosphorylarion was measured polarographically as described before (Edoute et al., 1979 (Edoute et al., , 1981 . The incubation medium contained: 0.25 M sucrose, 10 mM Tris-HCl, pH 7.4, 8.5 mM K 2 HPO 4 , 5 mM glutamate (Tris-salt, pH 7.4).
Ultrastructure of Mitochondrial Pellets
Mitochondrial pellets were prepared from the subendocardial layer as described above. Immediately after preparation, the pellets were gently washed twice by resuspension in 0.1 M sodium cacodylate buffer (pH 7.2) and centrifuged at 18 000 g for 10 minutes. The material was fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C for 1 hour. After fixation, the mitochondria were washed and left overnight in 8.5% sucrose-0.1 M sodium cacodylate buffer. Postfixation was done in 1 % osmium tetroxide for 30 minutes at 4°C. After dehydration in an ethanol series, samples were embedded in ERL 4206 epoxy resin (Spurr, 1969) . The resin was polymerized over 48 hours at 60°C, sections were stained with uranyl acetate (15 minutes) and lead citrate (4 minutes), and examined by transmission electron microscopy at 60 kV. Eight micrographs were taken at random from each pellet at a magnification of 5000X. Contact prints were made for analysis.
Each mitochondrion was graded according to the following criteria: 0 = normal: spheroidal, densely stained, closely packed cristae; 1 = swollen: spheroidal, less Control hearts perfused retrogradely for 10 minutes, followed by 5 minutes of perfusion as working hearts. Numbers in parentheses indicate number of hearts. P values indicate significance of difference from control.
• Wp = pressure power; Wk = kinetic power; W (total work) = Wp + Wk. | Measurements could be made accurately in two hearts only.
densely stained, cristae loosely arranged with clearly visible intercristal spaces; 2 = very swollen: spheroidal, cristal material very disorganized, large dear areas with highly swollen organelles; cristae often highly marginated; 3 = fragmented: mitochondria with ruptured outer membranes. Dense aggregations of disorganized crystal material likely to have originated from a single mitochondrion were also scored as fragmented.
Tissue High Energy Phosphate Contents
At the end of the experiment, the hearts were freezeclamped with Wollenberger tongs and immediately plunged into liquid nitrogen. Hearts were stored in liquid nitrogen until extraction. Preparation of the tissue extract and determination of tissue high energy phosphate contents were done as described before (Edoute et al., 1981) .
Experimental Design
Three series of experiments were done: In each of the above categories, three series of hearts were perfused for mitochondrial isolation, perfusion-fixation for ultrastructural studies, and freeze-clamping for determination of tissue high energy phosphates.
Statistical Analysis
All values were expressed as mean ± SEM. In the mechanical and biochemical studies, P values were calculated by Student's Ntest.
In the case of the ultrastructural studies, the standard error of each proportion was calculated (based on large numbers) (Kendall and Stuart, 1982) . In order to compare two proportions, we used the normal approximation and employed the Z-test for testing the difference between proportions, i.e.: PI = significance of difference between ENDO and EPI from same group. P2 = significance of difference between EPI of NICA hearts and EPI of NICA hearts plus reperfusion. P3 = significance of difference between ENDO of NICA hearts and ENDO of NICA hearts plus reperfusion. EPI = subepicardium. ENDO = subendocardium. NS = not significant. where P A = proportion of group A eg., (number of mitochondria in group) (total number of mitochondria scored) P B = proportion of group B n A = total number of mitochondria scored in series n B = total number of mitochondria scored in series n A P A + nBPB P = n A + n B Z values >1.96 denote a significant difference between proportions (P < 0.05). Similarly, a Z value of >2.5 denotes a significant difference (P < 0.01).
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Results
Mechanical Activity
Mechanical activity during reperfusion was measured after 10, 15, 20, and 25 minutes of NIC A (Table  1) . Total restoration of myocardial work performance to control, pre-ischemic levels, did not occur during reperfusion even after relatively short periods of NICA (e.g., 10 minutes).
Longer periods of NICA (15-30 minutes) caused a progressive deterioration in all parameters of mechanical activity during reperfusion: after 15 minutes of NICA, the total work performed was depressed by 44%, compared with 83% after 20 minCirculation Research/Vol. 53, No. 5, November 1983 utes of NICA. After 30 minutes of NICA, none of the hearts studied produced aortic output during reperfusion; peak systolic pressures were less than 10 mm Hg, and the heart rate was no longer accurately measurable (results not included).
Coronary Flow and Mechanical Activity
Prolonged periods of NICA led to a progressive decline in coronary flow rate during reperfusion. In Table 2 , the hearts were divided into two groups:
(1) hearts with a work performance greater than 50% and (2) hearts with a work performance less than 50% of control, pre-ischemic values. When the coronary flow was reduced to 81% (10 minutes of NICA) or less, work performance was reduced to less than 50% of control.
Ultrastructure
Effects of NICA
With increasing times of NICA, progressive injury to the subendocardium was evident by quantitative analyses of 60 micrographs from each experimental time group (Table 3; Figs. 1A, 2A, and 3A). A marked deterioration in ultrastructure occurred between 20 and 25 minutes of NICA: mitochondrial proportions in grades 0, 1, 2, and 3 were 0%, 62%, 29%, and 9%, respectively at 20 minutes, compared with 0%, 31%, 49%, and 20% at 25 minutes of NICA. This discontinuity in the rate of change of mitochondrial morphology was reflected also in the proportion of micrographs showing amorphous dense bodies (ADB).
In contrast to the subendocardium, ultrastructural injuries resulting from NICA were much less apparent in the subepicardium (Figs. IB, 2B , and 3B). Only after 40 minutes of NICA could a clear deterioration in ultrastructure of all the features analyzed be seen (Fig. 3B) . Here ADB appeared for the first time (3% grade 1), albeit sparsely. light microscopy (results not shown) on the same subepicardial samples used for electron microscopy, revealed heterogeneity of ischemic injury on the level of individual myocytes. This heterogeneity was reflected by the ultrastructural results. Nevertheless, the quantitative data showed a markedly lower overall susceptibility to ischemic ultrastructural injury in the subepicardial than in the subendocardial myocardium.
Effects of Reperfusion
Reperfusion of hearts after all NICA times [Figs. 4 (A and B) , 5 (A and B), and 6 (A and B)] reduced the degree of ultrastructural damage in both subendocardium and subepicardium to levels lower than those recorded for NICA alone [Figs. 1 (A and B), 2 (A and B), and 3 (A and B)]. In general, the longer the NICA period, the less pronounced the shift toward control values.
After 15 minutes of NICA, subendocardial myocardia contained 89% grade 0 (normal) mitochondria after reperfusion, compared with 0.4% with NICA alone. Reperfusion after 20 and 25 minutes of NICA resulted in similar increases in the percentage of normal mitochondria (grade 0). Thus, at each time point, reperfusion resulted in less mitochondrial injury than did NICA alone, whereas intermyofibrillar edema, myofibrillar injury and glycogen scores all moved closer to control values (except 40 minutes NICA). At 15 minutes of NICA, followed by reperfusion, 93% of micrographs scored were free of ADB, compared with 77% (NICA alone). In contrast, after 20 minutes of NICA followed by reperfusion, the damage was aggravated with 57% micrographs free of ADB, compared with 82% (NICA alone).
Reperfusion of the subepicardium after all periods of NICA studied, increased the percentage of grade 0 mitochondria: e.g., from 14% to 95% at 40 minutes of NICA. The degree of mitochondrial injury was unrelated proportionally to the duration of NICA.' However, the injury seen at each different NICA time was always less severe after reperfusion (Figs.  4B , 5B, and 6B) than after NICA alone (Figs. IB, 2B , and 3B). (Table 4) oxidative phosphorylation function were similar to those of control mitochondria (substrate: glutamate).
After 25 minutes of NICA, the QO 2 (state 3) and OPR values were significantly depressed in mitochondria isolated from both layers. Up to this stage, Hearts subjected to 10-20 minutes of NIC A yielded mitochondrial preparations whose indices of all parameters of oxidative phosphorylation function were similar in subendocardial and subepicardial mitochondria. Prolongation of the period of NICA to 30-40 minutes caused a further decline in QO 2 (state 3) and OPR values, the decline being most marked in mitochondria from the subendocardium. Except for after 25 minutes of NICA, reperfusion had no effect on any parameters of mitochondrial function measured.
infrastructure of Mitochondrial Pellets
To evaluate the nature of the mitochondria tested in the oxidative phosphorylation studies, the ultrastructural appearance of pellets, obtained from hearts after 20 and 40 minutes of NICA, were evaluated and compared with those obtained from control hearts perfused retrogradely for 15 minutes (three or four hearts in each series). The results obtained showed that pellets isolated from control hearts contained a high percentage normal mitochondria (grade 0, 69.8%; grade 1, 18%; grade 2, 6.9%; grade 3, 5.3%). Pellets from hearts subjected to 20 minutes of NICA contained significantly higher percentage of swollen and very swollen mitochondria (grade 0, 11.6%; grade 1, 41.5%; grade 2, 43.4%; grade 4, 3.5%). After 40 minutes of NICA, the pellets contained significant numbers of fragmented mitochondria (grade 0, 6.7%; grade 1, 35.3%; grade 2, 46.3%; grade 3, 11.7%). At this stage a large percentage of the isolated mitochondria contained amorphous dense bodies. (Table 5) Increasing periods of NICA caused a progressive decline in tissue ATP levels, while the phosphocreatine (CrP) content remained constant after 15 minutes of NICA. At all time intervals studied, reperfusion for 30 minutes caused a significant elevation in tissue CrP levels. Although reperfusion after 15-30 minutes of NICA caused a significant increase in tissue ATP levels, it did not reach control, preischemic levels.
Tissue High Energy Phosphate Contents
Discussion
The time course of events in regional ischemia is difficult to study, since the ischemic area is usually heterogeneous, containing a diversity of cells ranging from severely ischemic, or irreversibly damaged, to normal. Therefore, in this study, the progressive metabolic and ultrasrructural abnormalities were assessed in a reproducible model of total ischemia. Although the model of the perfused heart is not necessarily directly analogous to in vivo regional ischemia or total ischemia in the mammalian heart, the degree of ischemia induced in this model may resemble that occurring in the central infarct area where the flow is minimal (0-0.8 ml/min per g) (Vokonas et al., 1974; Marcus et al., 1975) . The overall degree of ischemia depends on the duration, as well as the severity. Since the latter is similar in all hearts subjected to NICA, the NICA time be-comes the determining factor of the degree of ischemia.
Effects of NICA
Ultrastructure
Qualitatively, the myocardial ultrastructural changes occurring during total ischemia were similar to those observed in regional ischemia (Jennings et al., 1969 , Edoute et al., 1981 ; however, the changes in the NICA model developed more rapidly with time, owing to the absence of collateral flow. Also, morphological evidence of ischemic damage occurred earlier in rats with total ischemia than in dogs (Lev et al., 1966; Buja et al., 1971; Balibara et al., 1975) . This finding may be related to the smaller size of the rats and their higher metabolic rate.
The ultrastructural alterations in both subendocardial and subepicardial layers became increasingly severe with longer NICA periods: the injuries being more severe in the subendocardium. The mechanism underlying this differential ultrastructural response is unclear. Although the subepicardium is less susceptible to ischemic injury induced by coronary artery ligation because of collateral flow (Kloner et al., 1975) , in this study NICA involved total cessation of flow. It is also unlikely that the metabolic differences between the two layers are responsible for the differential response, since the subendocardium has a higher glycolytic capacity, as indicated by the higher glycogen content, phosphorylase, and glycolytic enzyme activities (Jedeiken, 1964; Lunsgaard-Hansen et al., 1967; Allison and Holsinger, 1977) . A possible explanation could be the fact that initiation of NICA does not cause immediate cessation of contraction. The higher work load and oxygen consumption of the inner ventricular layers (Stein et al., 1980) could cause greater depletion of the energy stores and, consequently, more severe ischemic damages (Jennings and Reimer, 1981) .
This differential ultrastructural response of the isolated rat heart to global ischemia is in contrast to the results obtained by Schaper et al. (1979) in globally ischemic dog hearts. However, Buja and coworkers (1971) also reported more lesions in the inner third of the ventricular walls than in the outer layers.
Mitochondrial Function
As was also shown by several other workers (Jennings et al., 1969; Kane et al., 1975; Lochner et al., 1975; Nayler et al., 1978) , myocardial ischemia invariably results in a depression in mitochondrial function. In this study, the subsarcolemmal fraction only was evaluated (Palmer et al., 1977) , since it has been shown that myocardial ischemia affects the subsarcolemmal and intermyofibrillar mitochondrial fractions in a similar manner -(Van Jaarsveld and Lochner, 1982) . Mitochondrial function, as measured in vitro, is greatly influenced by the tissue homogenization technique (Van Jaarsveld et al.. Circulation Research/Vol. 53, No. 5, November 1983 1981). Harsh homogenization procedures cause further damage to the fragile and swollen mitochondria in ischemic tissue, resulting in low yields and significant changes in oxidative function after only 10 minutes of NICA (Edoute, 1980) . The relatively gentle homogenization procedure used in this study preserves the function of mitochondria isolated from ischemic tissue, and changes can be observed only after 25 minutes of NICA (Table 4) .
In view of the marked ischemia-induced changes in mitochondrial ultrastructure, the possibility exists that the pellet eventually obtained has lost some of its severely damaged components which may cause an underestimation of the effects of ischemia on mitochondrial function. Although the yields of mitochondrial protein were not affected by the period of ischemia (unpublished data), electron microscopic evaluation of the pellets revealed a marked resemblance between the ultrastructure of isolated mitochondria and of those present in the subendocardial layer of perfused hearts (see Results, Table 3) . It therefore appears unlikely that the unchanged mitochondrial oxidative function after 10-20 minutes of NICA is due to the loss of fragile damaged mitochondria during the isolation procedure. Furthermore, the unchanged mitochondrial protein yields, the increased numbers of swollen and fragmented mitochondria after 20 and 40 minutes of NICA, as well as the resemblance with the mitochondrial ultrastructure of the subendocardial layer, indicate that the pellets obtained are representative of the mitochondrial population present in ischemic tissue.
Myocardial ultrastructural changes and the rapid loss of high energy phosphates precede the in vitro depression in mitochondrial oxidative phosphorylation. In fact, the ultrastructural appearance of mitochondria in early ischemia does not correlate with mitochondrial function in vitro; e.g., severe ultrastructural changes were observed in the subendocardium after 20 minutes of NICA, whereas the mitochondrial function was still normal.
Effects of Reperfusion
Ultrastructure
Upon reperfusion of ischemic hearts, the differential ultrastructural response of the two layers was accentuated: subepicardial ultrastructure reverted to normal (even after 40 minutes of NICA), while the subendocardial ultrastructural damage also regressed, but to a lesser extent. The delayed ultrastructural improvement of the subendocardium may be due to several factors. During reperfusion, an elevation of intramyocardial pressure (Buja et al., 1971; Baird et al., 1975) arid development of contracture (Hearse et al., 1977) may impede coronary flow to the inner ventricular layers. Gavin and coworkers (1978) dearly showed the relationship between rigor and failure of reperfusion. More severe contracture in the subendocardial layer may explain its differential response to reperfusion when compared to subepicardium. The improved recovery of the subepicardium may also be the consequence of a higher percentage of reversibly damaged myocytes present at the end of the NICA period.
The clear recovery of normal ultrastructure (notably in the mitochondria) in the subepicardium following reperfusion after 40 minutes of NICA (see plate 6B) is clear evidence of the inherent capacity of mitochondria to return to normal after 40 minutes of NICA.
Restoration of flow in this model did not aggravate structural changes (Jennings and Reimer, 1981) except for the increase in amorphous dense bodies (grade 2). This is consistent, in part, with the findings of others that reperfusion of the ischemic myocardium is often accompanied by increased numbers of intramitochondrial matrix densities (Kloner et al., 1974; Whalen et al., 1974; Jennings and Ganote, 1974) .
The granular dense bodies seen in mitochondria of human hearts (Kawamura et al., 1978) or dog hearts after coronary artery ligation and reperfusion Shen and Jennings, 1972) were not detected in this study. The appearance of granular dense bodies of calcium phosphate is rare in Ringer-perfused systems . Mitochondrial Ca ++ accumulation requires ATP and/or mitochondrial energy production (Lehninger et al., 1978) . Failure of the mitochondria, in the present study, to accumulate Ca ++ for the formation of granular dense bodies therefore might be due to either of the above-mentioned factors.
Mitochondrial Oxidative Phosphorylation Function
The effect of reperfusion on the oxidative function of mitochondria isolated from ischemic tissue, after coronary artery ligation in dogs, has been reported by a number of workers (Weishaar et al.,. 1979; Wood et al., 1979; Jennings and Reimer, 1981; Kotaka et al., 1982) . The results were controversial: reperfusion after short periods of ischemia (30 minutes), resulted in a significant improvement in mitochondrial oxygen uptake (Kotaka et al., 1982) , whereas reperfusion after longer periods (60-180 minutes) either had no significant effect (Weishaar et al., 1979) or further depressed mitochondrial oxidative function (Kane et al., 1975) . However, the effect of reperfusion on the function of mitochondria isolated from rat hearts subjected to total ischemia has not yet been studied. The results obtained in this study showed that reperfusion had no effect on the ischemia-induced depression in mitochondrial function. Differences in. isolation and incubation media might account for the different results obtained. Further work is necessary to elucidate this problem.
In contrast to the depression in mitochondrial function during reperfusion, the myocardial ATP, and CrP contents increased (Table 5) . Therefore, in addition to glycolytically produced ATP, the residual capacity for mitochondrial oxidative phosphorylation function in vivo may also contribute to the increase in tissue ATP levels during reoxygenation, despite the depression in mitochondrial function. Although failure to restore normal ATP levels during reperfusion was attributed to depletion of adenine nucleotides and delayed resynthesis (Reibel and Rovetto, 1978; Vary et al., 1979) , the marked depression in mitochondrial function should also be considered.
Normalization of ATP:ADP ratios might not necessarily be indicative of improved or normal mitochondrial function, as suggested by Vary and coworkers (1979) . At all time intervals, reperfusion after NICA resulted in an improvement in tissue ATP:ADP ratios, while the in vitro mitochondrial function remained depressed.
As in NICA, no correlation was observed between mitochondrial ulrrastructural changes induced by reperfusion and mitochondrial function as determined in vitro. A possible explanation for this is that electron microscopy, as used in this study to analyze ultrastructure, was essentially of low resolution. To elucidate structure-function relationships at the molecular level, higher resolution studies are envisaged.
Mechanical Activity
Although reperfusion of the globally ischemic heart after 10-15 minutes resulted in mechanical recovery (Table 1) , the total work performed never attained pre-ischemic levels. The ability of isolated rat hearts to recover mechanically after relatively short periods of global ischemia has also been reported by other workers (Neely et al., 1973; Hearse et al., 1976; Apstein et al., 1977a) .
Despite maintenance of the coronary perfusion pressure at 90 cm H 2 O, a progressive decrease in coronary flow with extended NICA time was observed. This might be explained by changes in compliance and contracture that develop during NICA and subsequent reperfusion (Hearse et al., 1976; Apstein et al., 1977b) , causing failure of flow. Using the isovolumetric working rat heart preparation, Apstein et al. (1977b) showed that, during ischemia, the effective stiffness of the left ventricle progressively and significantly increased from the pre-ischemic control values and increased further during reperfusion. Microvascular injury might also contribute to the reduction in coronary flow during reperfusion.
From our results and those of other workers (Neely et al., 1973 , Hearse et al., 1976 , Apstein et al., 1977b , it can be concluded that an increase in the period of severe or total global ischemia results in a progressive reduction in (1) coronary flow rate during reperfusion, and (2) the ability of the hearts to recover mechanically.
Work performance during reperfusion of the ischemic rat heart appeared to be closely associated with ulrrastructural recovery and tissue high energy phosphate contents. recovery and mechanical performance during reperfusion (Tables 1 and 3) showed that the subendocardial ultrastructure was the most sensitive index of the capacity of a heart to recover mechanically. When each individual heart studied was considered in terms of subendocardial ultrastructure and mechanical performance a positive association was found between the proportion of mitochondria graded 0 (normal) and the percentage mechanical recovery (Kendall rank correlation coefficient f = 0.6039 (P < 0.01); Spearman rank correlation coefficient f = 0.7618), while a negative association was found between mechanical recovery and mitochondria graded 1. The Spearman and Kendall rank correlation coefficients differ numerically, since they have different underlying scales and therefore are not directly comparable to each other (Spiegel, 1956) .
The appearance of mitochondrial amorphous matrix densities after 20 and 25 minutes of NICA coincided with a marked decrease in the ability of the hearts to recover mechanically. This confirms the suggestion of Jennings and Reimer (1981) that these mitochondrial inclusions might be related to lethal injury.
Work performance during reperfusion also showed a significant correlation with tissue ATP contents (Fig. 7) , confirming the results obtained by others (Sharma et al., 1975; Reibel and Rovetto, 1978) . The observation that the hearts were unable to attain more than 63% of their pre-ischemic work performance could be due to the fact that tissue ATP and total adenine nucleotide contents, although increased, were also not restored to pre-ischemic control levels.
In summary, the results indicate that mechanical recovery upon reperfusion is always associated with normal subendocardial ultrastructure and increased tissue high energy phosphate contents. On the other hand, total recovery of the mitochondrial function does not seem to be a prerequisite for this phenomenon.
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